Compressed bio-natural gas (CBG) production from large-scale systems has been recognized as promising because of the abundance of manure and crop residue feedstocks and its environmental friendliness. This study is a life cycle assessment using the local database of an operating large-scale CBG system of manure co-digestion with corn stover in China and eBalance software. The results showed that the system's Primary Energy Input to Output (PEIO) ratio was 20%. Its anaerobic digestion process was the main contributor to energy consumption, accounting for 76%. Among the six environmental impacts investigated in this study, the global warming potential (GWP) was the major environmental impact, and the digestate effluent management process was the main contributor to the GWP, accounting for 60%. The mitigation potential of the system, compared with reference case for GWP, was 3.19 kg CO 2 -eq for 1 m 3 CBG production. In the future, the GWP mitigation could be 479 × 10 6 metric tons CO 2 -eq with 150 × 10 9 m 3 yr −1 CBG production from the entire China. This study provides a reference on large-scale CBG production system for establishing a localized life cycle assessment inventory database in China.
Introduction
China has been one of the largest and the most successful countries in biogas production. According to the 13th Five-Year National Development Plan for Rural Biogas in China, biogas production reached 15.8 billion m 3 in 2015, with 41.93 million household biogas digesters and 110,975 biogas systems [1] . However, many household biogas digesters have been abandoned and many others are operating at low efficiency because of the reduced supplies of manure feedstock for the digesters [1] . The reason for this is that traditional household animal production methods have been largely replaced by large-scale commercial animal production farms during the past three decades. A few years ago, the Chinese government changed its policy to support medium-and large-scale biogas systems, which have been defined as those that have biogas production capacities of >150 and >500 m 3 d −1 , respectively [2] .
Biogas can be upgraded to bio-natural gas by removing most of the carbon dioxide (CO 2 ) from the biogas and increasing its methane (CH 4 ) concentration to 90% or greater. Production of bio-natural gas from large-scale biogas systems is economically feasible [3, 4] . Bio-natural gas can be further processed into compressed bio-natural gas (CBG) for easy storage and transportation.
Manure co-digestion with crop residues has been recognized as an efficient biogas production technology. A lot of research on co-digestion has been done in some countries, especially in Europe. De Vries, et al. [5] in The Netherlands demonstrated that the biogas from manure co-digested with grass could reduce climate change by 89 kg CO 2 -eq t −1 of substrate, higher than the mono-digestion value of 16 kg CO 2 -eq t −1 . Pehme, et al. [6] in Estonia found that co-digestion with natural grass could reduce global warming potential by 41% compared with manure mono-digestion. In Denmark, both Croxatto Vega et al. [7] and Hamelin, et al. [8] found that manure co-digested with straw could reduce global warming potential by 51 kg CO 2 -eq t −1 of slurry and 15 kg CO 2 -eq t −1 of fresh manure respectively, compared with mono-digestion. In Hungary, Fuchsz and Kohlheb [9] found that manure co-digested with crop residues was a better option in terms of energy efficiency, compared with the mono-digestion. These studies highlighted the substantial energy and environment benefits of anaerobic digestion of manure co-digested with crop residues in contrast to the mono-manure management practice.
Life cycle assessment (LCA) is an internationally accepted method to evaluate the energy and environment consequences of a product or system [10, 11] . It can provide insights into a product or system in all stages of its life cycle. A few peer-reviewed publications have studied the LCA of household biogas digesters in China [12, 13] . However, LCA of large-scale biogas system, especially the system with co-digestion of manure and crop residue, has not yet been found in the literature. Although national and regional policies have been made to support the development of large-scale biogas systems in China, effective measures are still pending. Therefore, it is important to make further policies to promote large-scale biogas production. Energy and environmental performance of a system is basic issues that should be investigated first using quantitative assessment models based on LCA.
Local data for LCAs are essential to evaluate technology developments in a country or region. In China, the LCA approach has been widely accepted and the local LCA software eBalance has been developed. eBalance is fully-featured LCA software that uses both Chinese and global quality databases. It has become the preferred choice for LCA of products manufactured in China and has been used by many researchers in recent years [14] [15] [16] [17] [18] . Hence, in the present study, eBalance was selected in a LCA of manure co-digested with corn stover for a large-scale CBG system.
The objectives of this work were to assess the energy efficiency and the environmental characterization categories of global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), respiratory inorganics (RI), water use (WU) and abiotic depletion potential (ADP) for the different processes in the large-scale co-digestion system.
Methodology

Goal and Scope
The goal of this study is to provide research-based results for government policy making and LCA inventory database expansion in China, as well as for the development and optimization of large-scale CBG systems in China and other countries. The scope of this LCA is limited to the energy efficiency and environment consequences of dairy cattle and beef cattle manure with corn stover as co-digestion feedstock for producing bio-natural gas, which has a heating value of 37 MJ Nm −3 [19] , in large-scale CBG systems, and the impact of the individual sub-processes on the synthetic environment.
The categories of emissions and resources in this paper were mainly based on a case study of a company in North China. The company was in a pasturing area and used a typical biogas production technology with manure and corn stover as co-substrate, which is representative of such biogas systems in China. Figure 1 shows a detailed system-boundary diagram to illustrate the proposed scope of CBG production. The system was divided into four processes, i.e., feedstock pre-treatment process, anaerobic digestion process, biogas upgrading for CBG process, and digester effluent treatment process. The functional unit was defined as 1 m 3 CBG production. . Key processes and data flows per day within the system boundary of the cattle manure codigested with corn stover for the large-scale compressed bio-natural gas (CBG) production. Dotted lines indicate the replaced energy and fertilizer.
Cattle raising and corn production were excluded from the system boundary because manure and corn stover were treated as wastes. In addition, the construction of facilities, the manufacture of machines and the setup of other basic infrastructure elements were excluded from the system [20, 21] .
Software and Database
The LCA software eBalance v4.7 and the Chinese Life cycle Database v0.8 were used to analyze the environmental impacts of biogas production. The database represents the general technologies in the Chinese market. It consists of more than 600 life cycle inventory datasets for key materials and chemicals, energy, transportation, and waste treatment.
Life Cycle Energy Analysis
The life cycle energy performance was based on the energy input and output. The energy input to the system included diesel consumption for feedstock transportation, electricity consumption for facility operation and heat consumption for mesophilic anaerobic digestion. The energy output included the low heating value of CBG and the energy saved by operating the bioenergy system, e.g., the energy savings from substituting chemical fertilizer production by digestate solid. The equivalent energy consumption for chemical fertilizer production was from the local database in eBalance. The energy efficiency was evaluated as Primary Energy Input to Output (PEIO) [22] . The PEIO is the percentage of total energy consumed per unit of energy output. Lower percentage represents higher energy efficiency of the system.
Life Cycle Environmental Inventory Analysis
Life cycle inventory analysis involved quantifying the input and output of mass (including emitted greenhouse gases) and energy for each process in the entire life cycle. The analysis was based on the functional unit and normalized input and output data [10] . However, direct CO2 emissions from the manure were not estimated because the CO2 photosynthesized by plants as feed was returned to the atmosphere as respired CO2; so the net CO2 emission was assumed to be zero. Direct CO2 emissions from the corn stover were also assumed to be zero [23] .
Feedstock Pre-Treatment Process
Manure, including dung and urine, was collected from the farms of more than 25,000 dairy cattle and beef cattle of the company. It was transported in trucks to the anaerobic digesters over an average Cattle raising and corn production were excluded from the system boundary because manure and corn stover were treated as wastes. In addition, the construction of facilities, the manufacture of machines and the setup of other basic infrastructure elements were excluded from the system [20, 21] .
Software and Database
Life Cycle Energy Analysis
Life Cycle Environmental Inventory Analysis
Life cycle inventory analysis involved quantifying the input and output of mass (including emitted greenhouse gases) and energy for each process in the entire life cycle. The analysis was based on the functional unit and normalized input and output data [10] . However, direct CO 2 emissions from the manure were not estimated because the CO 2 photosynthesized by plants as feed was returned to the atmosphere as respired CO 2 ; so the net CO 2 emission was assumed to be zero. Direct CO 2 emissions from the corn stover were also assumed to be zero [23] .
Feedstock Pre-Treatment Process
Manure, including dung and urine, was collected from the farms of more than 25,000 dairy cattle and beef cattle of the company. It was transported in trucks to the anaerobic digesters over an average distance of 8 km according to the layout of the farms. The truck payload was 12 metric tons (t) with an average fuel economy of 27 L per 100 km. Considering a collection rate of 85%, the available quantity of manure, which had a total solid of 9.7%, from the farms was 1133 tons per day. The manure was transported to a reception tank for temporary storage before mixing with 15 t of shredded corn stover at a mixture rate of 1.32% in a mixing tank. The corn stover was transported in trucks over an average distance of 30 km to the anaerobic digesters.
Anaerobic Digestion Process
The mixture of manure and corn stover was pumped into six 6280-m 3 completely mixed anaerobic digesters that were equipped with energy-efficient mixers. The mesophilic digesters operated at 35
• C and had a hydraulic retention time of 31 days. To maintain the digestion temperature, heat was provided from a biomass boiler that used cotton residues as fuel. Cotton residues are abundant locally and have a heating value of 16 MJ kg −1 , which is greater than most of the other agricultural residues. To meet the heat demand of 158,523 MJ day −1 for the mixing tank and digesters, 13 t d −1 of cotton residues were transported over an average of 30 km to the site of anaerobic digestion process and then shredded and compressed for the boiler. Direct burning of cotton residues in the boiler emitted 1.61 and 16.06 kg d −1 of sulfur dioxide (SO 2 ) and nitrogen oxides (NO x ), respectively. In addition, loss of methane (CH 4 ) from the digester was estimated 1% of the overall CH 4 produced based on the latest anaerobic digestion technologies [5, 8] . Biogas produced from the anaerobic digesters was 36,626 m 3 d −1 and contained 60% of CH 4 .
Biogas Upgrading for CBG Process
In this process, the biogas first went through a wet scrubber to reduce hydrogen sulfide (H 2 S) concentrations to <200 ppm before being transported to a biogas storage. More H 2 S in the biogas from the storage was removed in an activated-carbon based equipment so the biogas could meet the requirement of water scrubbing technology to remove carbon dioxide (CO 2 ) and enrich CH 4 to 95% as bio-natural gas. Finally, the bio-natural gas was compressed to CBG. In this process, 23,133 m 3 d −1 CBG was produced and the H 2 S was 0.1 kg d −1 .
Digester Effluent Treatment Process
Digester effluent was treated in a solid-liquid separator to produce 129 t d −1 of solid and 973 t d −1 of liquid fertilizers. After separation, the solids were stored in a shed and the liquid was stored in lagoons before seasonal application to croplands. The solids and liquid contained 30% and 4% total solids, respectively. The CH 4 emissions from solid and liquid storage were calculated with the following equation based on a method from IPCC [24] :
where EF CH 4 is the CH 4 emissions from digestate storage (i.e., solids and liquid) (kg); VS is the volatile solids of manure, an average of 80% of total solid (kg); B O is the maximum CH 4 producing capacity of manure, and is assumed 0.13 m 3 CH 4 kg −1 VS based on Asian values in the IPCC [24] ; MCF is the methane conversion factor and is 4% for solid storage and 43% for liquid storage [24] ; 0.67 is a conversion factor for m 3 CH 4 to kilogram CH 4 at standard temperature and pressure (20 • C and 101,325 Pa) (dimensionless). In addition, emissions of nitrous oxide (N 2 O) from the solid and liquid storage were about 25% of the CH 4 emission in terms of CO 2 -eq [25] .
Life Cycle Environmental Impacts Assessment
The life cycle environmental impact was assessed in two procedures: characterization and normalization. Characterization is a process that translates the consequence of inventory substances into environmental impacts. Characterization categories were calculated based on inventory substances multiplied by characterization factors, which reflected their relative contribution to the environmental impacts [26] . Characterization categories studied in this research included global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), respiratory inorganics (RI), water use (WU) and abiotic depletion potential (ADP) ( Table 1) . To determine which categories produced the major environmental impact, a normalization analysis was done based on the value of characterization categories divided by the total emissions from the main environmental contributors or the total consumption of natural resources in 2010 in China. The normalization factors are shown in Table 1 . After normalization, the values of characterization categories became dimensionless and allowed comparison of characterization categories. 
Analysis of Emission Credits
Emission credits constitute a benefit of using cattle manure and corn stover to produce biogas. The credits resulted from replacing compressed conventional natural gas production by CBG and replacing chemical fertilizer by digester effluent, which was high-quality organic fertilizer [31] . The replaced nitrogen (N), phosphorus (P) and potassium (K) in digestate were assumed 100% of efficiency and were calculated based on Xu et al. [32] .
The digestate could replace N at 3.41 t d −1 , P at 1.54 t d −1 and K at 1.64 t d −1 . Furthermore, the CBG production reduced environmental emissions from replacing compressed conventional natural gas production. The system boundary for compressed conventional natural gas production was from cradle mining, pipeline transportation and natural gas production process to the compressed natural gas production process. It was assumed that the produced CBG could replace the same amount (23,133 m 3 ) of compressed conventional natural gas because bio-natural gas and natural gas have the same heating value. The reference case was the traditional management of manure and corn stover, including manure storage in lagoons without any treatment and corn stover burning in the field. The environmental emissions from reference case are shown in Table 2 . 
Sensitivity Analysis
The main energy consumption during CBG production was electricity generated from coal-fired power plants, which emitted a large amount of gaseous pollutants. Direct CH 4 emissions from digester leakages was also a relevant source of GWP [25] . Hence, electricity consumption and CH 4 emission during anaerobic digestion were used in the sensitivity analysis as key input parameters, which were designed to change by −40%, −20%, 20%, and 40%, to calculate the energy and environmental impact as a function of the rate of change and sensitivity. Sensitivity analysis was also conducted with five assumed scenarios: Scenario 1 was based on the results in this study, which served as the base case; Scenario 2 was assumed that all heat was produced by using the CBG instead of from the cotton residues; Scenario 3 was assumed that all electricity was generated by using the CBG instead of from coal-based power plants; Scenario 4 was assumed that all electricity was from wind powers; and Scenario 5 was assumed that all heat and electricity were provided from the CBG.
Results
Assessment of Energy Efficiency
The energy input and output of the large-scale CBG production is shown in Table 3 . Of the total energy input, the energy input to the anaerobic digestion process (75.97%) was the largest, followed by the biogas upgrading for CBG process (17.26%). Table 3 . Energy efficiency of the manure co-digestion with corn stover for compressed bio-natural gas (CBG) production system operation. Most energy consumption in the anaerobic digestion process was attributed to heating that was 64.59% of the system's total energy input to keep the digesters operating at mesophilic conditions (35 • C) in all seasons. The electricity consumption of the system was 19,389 kWh d −1 , about 28% of the total energy input. Electricity consumption in biogas upgrading process accounted for 15% of total energy input to the system. Diesel consumption was about 7% of total energy input, mainly for feedstock transportation.
Item
Of the total energy output of the system, the CBG production accounted for 69% and the energy saving accounted for 31%. The total energy input of the system was 245,413 MJ d −1 or 11 MJ for 1 m 3 CBG production. However, the equivalent energy produced from the system was 1,243,467 MJ d −1 . Consequently, the system's PEIO was 20%. Given the energy input to the different processes of the system, reducing energy consumption in the anaerobic digestion process deserves more attention.
Assessment of Environmental Impact
The decomposed total life cycle environmental impacts in CBG production based on the functional unit are presented in Table 4 . In this study, the GWP was 2.62 kg CO 2 for 1 m 3 CBG production. It originated mainly from the digester effluent treatment process, which attained 60% of the GWP (1.58 kg CO 2 for 1 m 3 CBG) because digester slurry storage was among the major sources of CH 4 emissions. Anaerobic digestion process held the second position and reached 21% of the GWP (0.55 kg CO 2 for 1 m 3 CBG).
The EP primarily covers N and P that may result in adverse fluctuation of species composition and biomass production. In this system, it was 0.60 g PO 4 3− for 1 m 3 CBG, mainly because NO x emissions from cotton residues burning in the boiler (18%) and N 2 O emissions from the solid and liquid storage (38%). The biogas upgrading for CBG process had the highest environmental impact in the AP, RI, WU and ADP, about 53% (2.53 g SO 2 -eq), 56% (0.74 g PM 2.5 -eq), 58% (1.59 kg) and 37% (2.78 × 10 −4 g Sb-eq) of the corresponding total emissions from the system, respectively. Emissions from the biogas upgrading for CBG process came from a large electricity consumption. In China, electricity is generated mostly in coal-fired power plants, which emit significant quantities of GHG and gaseous pollutants, such as SO 2 , PM 2.5 , and PM 10 .
Based on the total environmental potential, the categories GWP, AP, EP, RI, WU and ADP for 1 m 3 CBG production after normalization were 2.49 × 10 −13 , 1.31 × 10 −13 , 1.60 × 10 −13 , 0.70 × 10 −13 , 4.49 × 10 −15 , and 0.99 × 10 −13 . This indicated that the GWP was the major environment impact, followed by the EP and AP, whereas the WU had the smallest environment impact. 
Emission Credits and Mitigation Potential
The environmental impacts from the reference case and the large-scale CBG production system using manure co-digestion with corn stover are presented in Figure 2 . As the net emissions based on emission credits were also analyzed, the negative values in Figure 2 represent environmental benefits, whereas the positive values represent adverse environmental impacts.
The results show that emission credits for all categories, except for the GWP, were greater than the total emission, which translated into a beneficial environmental performance. The net GWP was about 1.76 kg CO 2 -eq for 1 m 3 CBG production, or about 48 g CO 2 -eq for 1 MJ CBG production.
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The results show that emission credits for all categories, except for the GWP, were greater than the total emission, which translated into a beneficial environmental performance. The net GWP was about 1.76 kg CO2-eq for 1 m 3 CBG production, or about 48 g CO2-eq for 1 MJ CBG production. Figure 2 . Environmental impacts of the system with emission credits for 1 m 3 CBG production. GWP: global warming potential, kg CO2-eq; AP: acidification potential, g SO2-eq; EP: eutrophication potential, g PO4 3− -eq; RI: respiratory inorganics, g PM2.5-eq; WU: water use, kg; ADP: abiotic depletion potential, 10 −4 g Sb-eq. (A, Reference case; B, manure co-digestion with corn stover for large-scale compressed bio-natural gas production.).
Using digester slurry as organic fertilizer, instead of using chemical fertilizer, affected the AP, EP, RI and WU, for about 60%, 58%, 58% and 100%, respectively, of the total emission credits. This indicated that many of the major air pollutions went into the environment during chemical N, P and K fertilizer production. This system provided significant environmental benefits in GWP (54%) and ADP (68%) by replacing compressed conventional bio-natural gas production.
When considering emission credits, this study indicated that manure co-digestion with corn stover for biogas production had superior environmental performances for all the environmental impacts comparing with the reference case, mainly because of the potential of energy and fertilizer Figure 2 . Environmental impacts of the system with emission credits for 1 m 3 CBG production. GWP: global warming potential, kg CO 2 -eq; AP: acidification potential, g SO 2 -eq; EP: eutrophication potential, g PO 4 3− -eq; RI: respiratory inorganics, g PM 2.5 -eq; WU: water use, kg; ADP: abiotic depletion potential, 10 −4 g Sb-eq. (A, Reference case; B, manure co-digestion with corn stover for large-scale compressed bio-natural gas production.).
When considering emission credits, this study indicated that manure co-digestion with corn stover for biogas production had superior environmental performances for all the environmental impacts comparing with the reference case, mainly because of the potential of energy and fertilizer savings. Without considering emission credits, the GWP, EP and RI were also lower than the reference case. However, the AP for biogas production was a little higher than the reference case.
As for the environmental mitigation potential, compared with the reference case, the emission credits should be considered because the CBG and digestate decreased or replaced the compressed conventional natural gas and chemical fertilizers utilization, respectively. Hence, the mitigation potential of large-scale CBG system for GWP, AP, EP, RI, WU, and ADP were 3.19 kg CO 2 -eq, 5.86 g SO 2 -eq, 19.98 g PO 4 3− -eq, 7.84 g PM 2.5 -eq, 25.27 kg and 1.62 × 10 −4 g Sb-eq for 1 m 3 CBG production, respectively.
Sensitivity Analysis
The electricity consumption exhibited higher sensitivities on the WU, RI, AP and ADP compared with the GWP and EP (Figure 3 ). The WU changed by 38% when electricity consumption decreased or increased by 40%. However, changes in electricity consumption had the lowest impact on the GWP. Compared with other categories, the GWP changed only by 12% when the electricity consumption changed by 40%. The effect of CH 4 emission from anaerobic digestion on the GWP was similar to that of electricity consumption: the GWP changed only by 4% when the CH 4 emission changed by 40%. As for the PEIO, it could change 11% when the electricity consumption changed by 40%. savings. Without considering emission credits, the GWP, EP and RI were also lower than the reference case. However, the AP for biogas production was a little higher than the reference case.
As for the environmental mitigation potential, compared with the reference case, the emission credits should be considered because the CBG and digestate decreased or replaced the compressed conventional natural gas and chemical fertilizers utilization, respectively. Hence, the mitigation potential of large-scale CBG system for GWP, AP, EP, RI, WU, and ADP were 3.19 kg CO2-eq, 5.86 g SO2-eq, 19.98 g PO4 3− -eq, 7.84 g PM2.5-eq, 25.27 kg and 1.62 × 10 −4 g Sb-eq for 1 m 3 CBG production, respectively.
The electricity consumption exhibited higher sensitivities on the WU, RI, AP and ADP compared with the GWP and EP (Figure 3 ). The WU changed by 38% when electricity consumption decreased or increased by 40%. However, changes in electricity consumption had the lowest impact on the GWP. Compared with other categories, the GWP changed only by 12% when the electricity consumption changed by 40%. The effect of CH4 emission from anaerobic digestion on the GWP was similar to that of electricity consumption: the GWP changed only by 4% when the CH4 emission changed by 40%. As for the PEIO, it could change 11% when the electricity consumption changed by 40%. Figure 3 . Results of sensitivity analysis for the effect of electricity consumption on global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), respiratory inorganics (RI), water use (WU), abiotic depletion potential (ADP), primary energy input to output ratio (PEIO) and CH4 emission from anaerobic digestion on GWP (GWP*). Figure 4a and 4b show the environmental performance of biogas production under different scenarios without and with emission credits considered, respectively. Without emission credits, Scenario 5 (all the electricity and heat from the produced CBG) outperformed the other scenarios on environmental performance (Figure 4a ), while its PEIO was highest (24%). With emission credits, it would decrease the compressed conventional natural gas displacement and emission credits if part of CBG was used for electricity and heat. It was found that the environmental performance of Scenario 4 (all the electricity from wind power) was best (Figure 4b ). Figure 4a,b show the environmental performance of biogas production under different scenarios without and with emission credits considered, respectively. Without emission credits, Scenario 5 (all the electricity and heat from the produced CBG) outperformed the other scenarios on environmental performance (Figure 4a ), while its PEIO was highest (24%). With emission credits, it would decrease the compressed conventional natural gas displacement and emission credits if part of CBG was used for electricity and heat. It was found that the environmental performance of Scenario 4 (all the electricity from wind power) was best (Figure 4b ). . Sensitivity analysis of global warming potential (GWP, kg CO2-eq), acidification potential (AP, g SO2-eq), eutrophication potential (EP, g PO4 3− -eq), respiratory inorganics (RI, g PM2.5-eq), water use (WU, kg), and abiotic depletion potential (ADP, g Sb-eq) for different scenarios (A: without considering emission credits; B: with considering emission credits).
From the perspectives of all the energy and environmental impacts, Scenario 1 did not have the best environmental performance, but it had the best PEIO (20%). The environmental performance was best if the consumed heat and electricity were from wind power (Scenario 4) or biogas (Scenario 5).
Discussion
Energy Efficiency of Large-Scale CBG System
According to the results of this study, the large-scale CBG system exhibited a good PEIO of 20%. This is in agreement with the finding by Berglund and Börjesson [36] , who exhibited the PEIO between 20-40% in large-scale biogas systems with different raw materials. However, Pöschl, et al. [22] reported a worse PEIO (input/output ratio 44.6%) than this study, probably due to its higher From the perspectives of all the energy and environmental impacts, Scenario 1 did not have the best environmental performance, but it had the best PEIO (20%). The environmental performance was best if the consumed heat and electricity were from wind power (Scenario 4) or biogas (Scenario 5).
Discussion
Energy Efficiency of Large-Scale CBG System
According to the results of this study, the large-scale CBG system exhibited a good PEIO of 20%. This is in agreement with the finding by Berglund and Börjesson [36] , who exhibited the PEIO between 20-40% in large-scale biogas systems with different raw materials. However, Pöschl, et al. [22] reported a worse PEIO (input/output ratio 44.6%) than this study, probably due to its higher proportion of corn and grass silage, which required more energy input in feedstock pre-treatment. Additionally, Pöschl, et al. [22] calculated energy input from feedstock production but did not consider energy savings from chemical fertilizer production. Hence, large-scale CBG systems to produce transportation fuel has been an attractive pathway with good PEIO in China, even better than in Europe [22, 36] .
The energy input to the anaerobic digestion process was the highest compared with the other three processes in this study. This was similar with the research conducted by Pöschl, et al. [22] and Berglund and Börjesson [36] . These two studies indicated that anaerobic digestion was the most energy-demanding process, corresponding to 40-80% of the total energy input into the system. The PEIO could be improved not only through reducing energy consumption, but also through using co-digestion substrates of high biogas yields (e.g., food waste, corn silage) [37] , and encompassing the complete recycling of digestate (e.g., recovering heat from the liquid and recovering biogas from digestate storage) [22] .
Environmental Performance of Large-Scale CBG System
By breaking down the total life cycle environmental impact in CBG production, it was shown that environmental impacts varied among different processes. The GWP originated mainly from the digester effluent treatment process. This result was consistent with that of Aguirre-Villegas and Larson [38] , who reported that CH 4 from manure storage counted for 70% of total emissions. The authors claimed that further digestate process (i.e., incorporated nutrient recovery systems in digestate treatment) could mitigate CH 4 emissions through minimizing volatile solid accumulation in liquid storage. Hamelin et al. [39] indicated that separating solid from slurry for biogas production could also be an efficient method to improve the environment benefit in large-scale CBG systems.
In this study, the net emissions of GWP, which were calculated from the total emissions of GWP minus the emission credits, were 1.76 kg CO 2 -eq for 1 m 3 CBG production, or about 48 g CO 2 -eq for 1 MJ CBG production. They were higher than the -39 g CO 2 -eq for 1 MJ obtained by Han et al. [40] . The reason was that Han et al. [40] did not include CH 4 and N 2 O emissions during digestate storage, which were almost 60% of the total emissions based on this study.
According to this study and without emission credits, the GWP, EP and RI from biogas production were lower than the reference case because untreated manure and burning crop straw in open fields could emit large quantities of CH 4 and PM 2.5 to the air, and phosphorus and nitrogen to the water system [39, 41] . However, the AP from biogas production was higher than from the reference case because of higher NH 3 emissions from digestate storage compared with the direct manure storage in lagoons [5, 42] . Emission credit studies also exhibited that fertilizer production was a high air pollution industry. This was in agreement with Hodge [43] , who also found that chemical fertilizer production could result in the most serious air pollution, especially with sulfur oxides.
The sensitivity analysis revealed that electricity consumption exhibited the lowest impact on the GWP in anaerobic digestion for biogas in this study. This result was similar to the finding obtained by Liebetrau et al. [25] . However, electricity consumption exhibited the highest impact on the WU. Scenario analysis indicated that it was difficult to assess the energy efficiencies and environmental effects among different scenarios. In this way, the system could be a prudent choice to balance the energy and environmental performance.
Development of Large-Scale CBG Systems in China
This case study exhibited a good PEIO and environmental performance of the large-scale CBG system with manure and corn stover co-digestion in China. China is experiencing an increasing fossil fuel consumption. For example, the natural gas consumption increased at a rate of 10.04% between 2012 and 2017 [44] and its rate of dependence on importation was 39% in 2017 [45] . However, China is rich in animal manure and crop residue that are available for biogas production. In China, there were an average annual bio-natural gas production potential of 150 × 10 9 m 3 yr −1 , thus a GWP mitigation potential of 479 × 10 6 t CO 2 -eq yr −1 could be achieved based on this study. Therefore, large-scale CBG production with co-digestion of manure and corn stover should be encouraged in North China, although further LCA of the manure and corn stover co-digestion are needed for different regions and feedstock.
Conclusions
The large-scale CBG production had a PEIO ratio of 20%. The system had environmental benefits compared with the reference case. Among the six environmental impacts, the GWP was the major one. The energy input, and GWP mitigation potential of the system, compared with the reference case, were 11 MJ and 3.19 kg CO 2 -eq for 1 m 3 CBG production, respectively. Further improvements could be obtained through reducing energy consumption and using energy from bioenergy systems. This research established a localized life cycle assessment inventory database and provided theoretical basis for the development of a low-energy-consumption and environmentally friendly large-scale bio-natural gas systems in China. 
Conflicts of Interest:
The authors declare no conflict of interest.
Nomenclature and Abbreviations
ADP
Abiotic depletion potential AP Acidification potential CBG Compressed Bio-natural Gas CH 4 Methane CO Carbon monoxide CO 2 Carbon 
